
years ago. It is very likely that future 
progress in this area will be semiobserva- 
tional and semitheoretical, with theory 
organizing a rich "zoo" of observed 
objects into a plausible evolutionary pat- 
tern. 
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Dynamic Structure of Membranes 
by Deuterium NMR 

Rebecca L. Smith and Eric Oldfield 

Cell membranes are composed pre- ing dispersed in a fluid, liquid crystalline 
dominantly of lipids, proteins, and sterol lipid bilayer, and is undoubtedly correct 
molecules and are responsible for a wide for many membrane systems. It is, how- 
variety of biochemical processes, includ- ever, by its nature a macroscopic rather 
ing respiration, vision, photosynthesis, than microscopic model of membrane 

Summary. Progress in our understanding of the dynamic structure of membrane 
lipids and proteins has recently been made possible by the advent of high-field "solid- 
state" nuclear magnetic resonance spectroscopic studies of specifically deuterium- 
labeled systems. Major features of lipid and protein dynamics have been deduced. 

cell-cell recognition, and nerve impulse 
transmission. Not surprisingly, then, 
considerable efforts have been spent 
over the years in trying to characterize 
both the molecular structures of and 
intermolecular interactions between the 
individual membrane components in an 
attempt to relate the structure of mem- 
branes to their function. One of the most 
successful models of membrane struc- 
ture which has emerged is the 1972 fluid 
mosaic model of Singer and Nicolson (I). 
This envisions membrane proteins as be- 

structure, and there is now considerable 
interest in obtaining more detailed infor- 
mation on the actual structural details of, 
for example, protein-lipid interactions, 
or on the static and dynamic structure of 
membrane proteins (2, 3). 

In this article we discuss recent ad- 
vances in our understanding of lipid and 
protein dynamics in membranes, includ- 
ing some details of lipid-protein and lip- 
id-sterol interactions and of cell surface 
dynamics, which have been made avail- 
able primarily by observations of deute- 
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rium nuclear magnetic resonance (NMR) 
spectra of specifically 'H-labeled species 
incorporated into both model and intact 
functional biological membranes. Such 
detailed experiments were not technical- 
ly feasible at the time of the Singer- 
Nicolson hypothesis (I), when only rela- 
tively crude information on membrane 
structure could be obtained by the 2H 
NMR method (4, 5). Recent advances in 
instrumentation-specifically the avail- 
ability of high-field superconducting 
magnets for added sensitivity and im- 
proved pulse techniques for improved 
spectral line shape rendition (6)-now 
permit data acquisition at rates three or 
four orders of magnitude higher than in 
the early studies. This has opened up 
new vistas in membrane research, in 
particular, as discussed below, in the 
ability to monitor dynamic events in 
membrane proteins themselves. 

Information from Spectra 

Currently, most NMR studies of mem- 
brane structure employ the 'H NMR 
method with high-field (- 3.5 to 11.7 
tesla) superconducting magnets and Fou- 
rier transform pulse methods (6) to in- 
vestigate the line shapes, quadrupole 
splittings, and spin-lattice relaxation 
times of specifically 'H-labeled species 
(lipids, sterols, or amino acids in pro- 
teins) introduced into the system of in- 
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Eric Oldfield is a professor of chemistry at the Uni- 
versity of Illinois at Urbana-Champaign, Urbana 
61801. 

SCIENCE, VOL. 225 



terest. The theoretical background ap- 
propriate for consideration of the 'H 
NMR spectra of lipid membranes has 
been discussed in some detail (2, 3, 7- 
12), so we shall be content to briefly 
quote the principal results. For the 2~ 

nucleus (with spin I = 1 and an asymme- 
try parameter q = 0 for the C-2H bond) 
the allowed transitions correspond to 
+1 - 0 and 0 - -1 and give rise to a 
quadrupole splitting of the NMR absorp- 
tion line with a separation between peak 
maxima of 

where e2qe/h is the deuterium quadru- 
pole coupling constant, which has been 
found to be about 170 to 180 kHz for C- 
2~ bonds (13), and 0 is the angle between 
the principal axis of the electric field 
gradient tensor at the deuterium nucleus 
and the magnetic field, Ho. For a rigid 
polycrystalline solid all values of 0 are 
possible, and one obtains a so-called 
powder pattern line shape (Fig. 1A) in 
which the separation between peak max- 
ima is about 130 kHz and the separation 
between the distribution steps is twice 
this value. In membranes, however, 
there is usually considerable motion of 
the C-2H vector-due, for example, to 
methyl group rotation, gauche-trans 
isomerization in a hydrocarbon chain, or 
flipping of a benzene ring about its C2 
axis. It is thus generally necessary to 
take an average in time of (3 cos20 - 1) 
for the type of motion occurring (14). 
Not only does this cause a decrease in 
the overall breadth of the NMR line, but 
the shape may also be changed (14-18). 
Theoretical line shapes for a rigid aro- 
matic residue, a methyl group rotating 
rapidly about its C3 axis, and an aromatic 
residue undergoing twofold flips (in 
phenylalanine) are shown in Fig. 1, A to 
n 
L. 

Information on the actual rates of mo- 
tion may also be deduced from line shape 
analysis (11, 15-18), at least in a sensi- 
tive window of correlation times (- lo3 
to lo7 sec-I) centered around - 2 x lo5 
Hz (the rigid lattice quadrupole coupling 
constant); these and other faster (for 

Fig. 1. Theoretical 'H NMR powder patterns 
and line shapes. (A) Rigid aromatic residue. 
(B) Methyl group rotating about C3 axis. (C) 
Phenyl group undergoing fast twofold "flip" 
about CY-Ci. (D) Partially relaxed deuterium 
inversion-recovery quadrupole echoes from 
polycrystalline ~ ~ - [ ~ - ' H ~ ] v a l i n e  at 55.3 MHz; 
the T values in the relaxation experiment are 
given in milliseconds. (E) Inversion recovery, 
quadrupole echo T ,  experiment; T is a variable 
delay on the order of the T ,  and TZ is a fixed 
delay of 50 to 100 pet. 

instance, lo7 to 101° sec-') motions may Dynamics of Phospholipids and 
also be investigated by using spin-lattice GIycolipids 
relaxation time (TI) measurements (9, 
10, 19-21), and slower motions may be Most of the lipids in biological mem- 
investigated by T2 and spin-alignment branes are known to undergo transitions 
techniques (22). Figure 1D shows a typi- from a thermotropic gel to a liquid crys- 
cal TI determination for the methyl talline phase (23), and 'H NMR spectros- 
group df ~ ~ - [ ~ - ~ H ~ l v a l i n e  crystals at copy has been used with great success to 
room temperature. The magnetization of investigate the organization of polar 
the sample is first inverted by means of a headgroups and backbone and hydrocar- 
180" radio-frequency pulse, and then the 
recovery of the magnetization is moni- 
tored by the quadrupole echo method, as 
shown in Fig. 1E (6). The recovery curve 
yields TI, in this case 19.9 msec, corre- 
sponding to a correlation time, T,, of - 140 psec (20). Thus, observation of 
2H NMR spectral line shapes and relax- 
ation times in most instances provides 

bon chain regions in phospholipids and 
glycolipids (6, 24-26). 

In the polar regions of both phospho- 
lipids and glycolipids, it has been shown 
that the fatty acyl chain conformations 
are similar, including a bend at the 2 
position of the sn-2 chain (27, 28). Also, 
each phospholipid headgroup has its own 
characteristic set of spectroscopic pa- 

information on both the rate and the type rameters which is not infl~encedsi~nifi-  
of motion undergone by a particular 2 ~ -  cantly by the structure of the rest of the 
labeled residue. molecule-for instance, the presence of 
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hydrocarbon chain unsaturation. Fur- 
thermore, phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and 
phosphatidylglycerol (PG) headgroups 
have similar structures, while phosphati- 
dylserine (PS) is more rigid, but all un- 
dergo very restricted motions (24). The 
PE and PC headgroups apparently lie 
flat, with their zwitterionic dipoles in the 
plane of the membrane (24, 29), at least 
in pure lipid bilayers, while with the 
glycolipid N-palmitoylgalactocerebro- 
side (PGAC), the polar headgroup is 
essentially perpendicular to the mem- 
brane surface, projecting into the aque- 
ous phase (30). 

In the hydrocarbon chain region of 
liquid crystalline phospholipids and gly- 
colipids, 'H NMR results reveal a rather 
surprising general agreement between 
the spectra of different lipids labeled at a 
given site, when they are compared at 
the same reduced temperature. Results 
with intact biological membranes, such 
as those of Escherichia coli and Achole- 
plasma laidlawii B, are also virtually 
indentical to those of extracted lipids or 
of synthetic phospholipid multibilayers 
(31-33, and in almost all instances show 
little, if any, effect of membrane protein 
on lipid hydrocarbon chain structure. 
For example, spectra of 4-, 6-, 8-, and 14- 
'H-labeled 1,2-dimyristoyl-sn-glycero-3- 
phosphocholine at - 23OC (just above 

the gel-liquid crystal phase transition 
temperature) are, within experimental 
error, the same as those of A .  laidlawii B 
(PG9) grown in the presence of the corre- 
sponding tetradecanoic acids and avidin 
(which blocks endogenous fatty acid 
synthesis), and their extracted lipids, 
when examined at 46°C (just above the 
end of the gel-liquid crystal phase transi- 
tion in the membrane) (8, 32). This clear- 
ly shows, at least in the A .  laidlawii 
system, that protein does not have a 
significant effect on hydrocarbon chain 
order, and the actual structure of a chain 
will simply be a function of its reduced 
temperature. Several statistical mechani- 
cal models of hydrocarbon chain organi- 
zation analyzing the 'H NMR results 
have been described (36,37). One impor- 
tant result is the ability to determine lipid 
bilayer membrane thicknesses (33 ,  the 
values obtained being in excellent agree- 
ment with those determined directly by 
neutron diffraction methods (8, 29). 

Below T,, lipids form a variety of 
crystalline or gel phases, generally char- 
acterized by a sharp 4.1 k' Bragg re- 
flection in x-ray diffraction experiments. 
Recent advances in NMR instrumenta- 
tion now permit more detailed analysis 
of the dynamic structures of such 
phases, and results on PC, PE, and cere- 
broside have been reported (15-17), to- 
gether with preliminary results on gel 
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Fig. 2. (A) Structure of 
N-palmitoylgalactosylcera- 
mide (PGAC). (B) (Left) 
Experimental 45.2-MHz 
'H NMR spectra of aque- 
ous dispersions of 6,6- 
d2PGAC, 50 percent H 2 0  
by weight, obtained as a 
function of temperature. 
(Right) Theoretical simula- 
tions of the experimental 
spectra. The following pa- 
rameters were used: at 
-40°C, population proba- 
bility ratio P I :  P2 = 
0.98:0.02, jump rate k12 
= 3 (+ 2) x lo3 sec-'; at 
O°C, PI:  P2 = 0.8:0.2, k12 
= 2.5 (t 0.5) x lo5 sec-'; 
at 20"C, P1 :P2  = 0.7:0.3, 
k12 = 9 (5 2) x lo5 sec-'; 
at 5S°C, P1 :P2  = 0.5:0.5, 
kI2 2 3 x 106 sec-'; and 
at 85"C, axially symmetric 
spectrum with Av,, = 
28.2 kHz. Uncertainties in 
P1  and P, are 5 to 10 per- 
cent. (C) Twofold jump 
isomerization in a poly- 
methylene chain segment 
from trans to gauche. Note 
that in the gauche config- 
uration Dl  assumes the ori- 
entation originally occu- 
pied by D2. 

state lipid in the A .  laidlawii membrane 
system (5, 35). 

The results for the liquid crystalline 
phase of cerebroside are virtually indis- 
tinguishable from those obtained with 
phospholipids at the same reduced tem- 
perature (28). However, in the crystal- 
line phase of N-palmitoylgalactocerebro- 
side, which occurs below about 82°C (28, 
38), 'H NMR line shapes corresponding 
to a rather unusual asymmetry parame- 
ter (11 = 1) are obtained, as shown in 
Fig. 2. These line shapes appear to origi- 
nate from nonzero asymmetry parame- 
ters due to "hopping" between two (or 
more) sites (15) in the crystalline phase. 
Such motions are not uncommon in 
NMR spectroscopy of, for example, salt 
hydrates, where water molecules flip 
about their HOH bisector at very rapid 
rates (14, 39). Typical spectra for high- 
temperature crystalline gel cerebroside 
(11 = 1.0, 55°C) are compared with spec- 
tra for the more normal crystalline gel 
(11 = 0, -40°C) and the liquid crystalline 
phase (T = 0, 85OC) in Fig. 2. The "trian- 
gular" line shape seen at 55OC is charac- 
teristic of rapid movement of the C-'H 
vector from one site to another across 
the tetrahedral angle (14, 15), due to 
gauche-trans isomerization (Fig. 2C). In 
the limit of fast exchange, and assuming 
equal populations of the two isomers, the 
expected spectrum is easily calculated 
(14, 15). The component along Z is unaf- 
fected by the motion and is o,, while the 
component along Y is zero since the two 
C-'H vectors are, by virtue of the tetra- 
hedral bonding, at the "magic angle" 
with respect to this direction. Since the 
tensor must be traceless, the third (X) 
component is -o,. With this type of 
twofold motion between equally populat- 
ed sites and with eZqe/h  - 170 kHz, the 
spectrum is axially asymmetric (T = 1) 
and its breadth is - 120 kHz. At lower 
temperatures, the rates of motion and 
the number of gauche conformers in the 
chain decrease, and more complex line 
shape analyses are required to interpret 
the results shown in Fig. 2B. Neverthe- 
less, both the jump rate and the gauche 
probabilities may be determined (15). 

Although there have been few reports 
of low-temperature (gel phase) spectra of 
intact biological membranes (5, 3 3 ,  the 
broad line shapes that have been ob- 
served may also originate in similar two- 
site gauche-trans hopping, as demon- 
strated in the case of galactocerebroside. 
The significance of crystalline-state lip- 
ids in some intact biological membranes 
in which only restricted rotational isom- 
erization occurs remains one of the more 
puzzling features of the mosaic structure 

t rans 
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gauche of cell membranes. Indeed, there are 
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reasons to believe that, at least in mam- 
malian cells, the presence of gel-state 
lipid may cause improper cell function 
(40), but that this situation may be ame- 
liorated by the presence of cholesterol 
(40, 41), as discussed below. 

Cholesterol in Membranes 

Cholesterol is a rigid tetracyclic sterol 
having the following structure: 

'y''̂ '-'-< 

Despite its wide occurrence in biological 
membranes, there have been relatively 
few studies aimed at determining its stat- 
ic and dynamic organization in the bi- 
layer. Early 13C NMR studies of model 
membranes by Opella et al. (42) indicat- 
ed that the isopropyl section of the side 
chain had considerable rotational free- 
dom, while the sterol ring itself under- 
went highly anisotropic motion. Similar 
results have also been obtained with 'H 
NMR. In particular, it appears that the 
sterol molecule undergoes rapid axial 
diffusion (greater than 10' sec-I), togeth- 
er with a slight off-axis "wobble" mo- 
tion, which is a function of temperature 
and lipid bilayer composition (8, 43, 44). 
The correlation time for the motion 
about the long axis has been accurately 
determined by 'H NMR T1 measure- 
ments on [7-2~]cholesterol in a PG bi- 
layer, where observation of a TI mini- 
mum yields a correlation time of 
3.5 x sec rad-' (45). Typical values 
of off-axis fluctuations are around 10" to 
15" (8). In addition, the results of recent 
'H NMR studies indicate that the C-8 
side chain appears essentially rigid out to 
CZ3 (45). This rigidity, in combination 
with the rigid all-trans nature of the 
tetracyclic sterol nucleus and the lack of 
any large side chains protruding from the 
sterol ci and p surfaces, causes the cho- 
lesterol molecule to act as a rigid wall in 
lipid bilayer structures, resulting in a 
condensing or ordering effect, which has 
been investigated extensively by 'H 
NMR (4, 8, 4349).  Above T,, the cho- 
lesterol molecule orders the hydrocar- 
bon chains of fluid lipid bilayers [in addi- 
tion, it is thought, to acting as a "spac- 
er" for the polar headgroup region (8)l. 
Below T,, however, cholesterol prevents 
lipid hydrocarbon chains from crystalliz- 
ing into the more ordered crystalline or 
gel phases, in the case of both phospho- 
lipids and cerebrosides (28). Above T,, 

changes in hydrocarbon chain length on 
addition of cholesterol have been de- 
duced from the NMR data, and the re- 
sults compare well with those obtained 
by neutron diffraction (8). For example, 
a bilayer thickness of about 31 A [at the 
level of the C-2 chain segment in a di- 
myristoylphosphatidylcholine (DMPC)- 
30 mole percent cholesterol bilayer] is 
calculated from the NMR results, which 
commres favorablv with the value of 33 
A obtained from neutron diffraction re- 
sults (8). Deuterium NMR spectra show- 
ing the large effects of cholesterol in 
intact biological membranes, in particu- 
lar in the A.  laidlawii B system, have 
also been reported (47), again corre- 

Effects of Proteins on Lipid Dynamics 

The nature of protein-lipid interaction 
in biological membranes and in reconsti- 
tuted lipid-protein systems is of consid- 
erable interest from a biochemical stand- 
point (50, 51), but the subject has unfor- 
tunately been plagued by considerable 
controversy over the past 10 years. An 
early version of protein-lipid interaction 
in biological membranes (52) suggested, 
at least at high protein-lipid ratios, that 
lipid molecules were "immobilized" on 
the surface of several membrane pro- 
teins, and lipid titration and integrated- 
intensity experiments indicated that only 
the first layer of lipid adjacent to protein 
was strongly immobilized in this way. 
This led to the idea of a boundary lipid or 
annulus (53) of highly ordered lipid adja- 

sponding to an increase in effective 
thickness of the lipid hydrocarbon chain 
region. 

cent to membrane proteins, which sever- 
al theoreticians then modeled as rigid 
rods or hexagonal cylinders of protein 
molecules penetrating the lipid bilayer, 
in much the same way as cholesterol, 
thereby prohibiting the normal flexing of 

DMPC 

O x l d a s e  I 1 

kHz 

Fig. 3. Theoretical and experimental 'H NMR 
spectra of 'H-labeled lipids, showing the ef- 
fects of proteins and cholesterol on hydrocar- 
bon chain order. (A) Theoretical 'H powder 
pattern; the splitting is arbitrary. (B) I-Myris- 
toyl- 2(14,14,14- trideutero)myristoyl-sn-gly- 
cero-3-phosphocholine (DMPC-d3) in excess 
water at 30°C. (C) As in (B), but lipid contains 
67 percent by weight cytochrome c oxidase 
(E.C. 1.9.3.1). (D) As in (B), but lipid contains 
67 percent by weight sarcoplasmic reticulum 
adenosinetriphosphatase (E.C. 3.6.1.3). (E) 
As in (B), but lipid contains 67 percent by 
weight beef brain myelin proteolipid apopro- 
tein (N2). (F) As in (B), but lipid contains 33 
percent by weight cholesterol. Deuterium 
NMR spectra were obtained by the quadru- 
pole-echo Fourier transform method at 5.2 T 
(corresponding to a deuterium resonance fre- 
quency of 34 MHz). 

the lipid hydrocarbon chains characteris- 
tic of liquid crystalline phospholipids. 
While proteins may have complex effects 
on collective modes in lipid bilayers, 'H 
NMR studies of similar systems (54-62) 
have given no evidence for ordering of 
lipid hydrocarbon chains by a variety of 
proteins. The observed 'H NMR spectra 
of protein-lipid recombinants in almost 
all instances are virtuallv identical to 
those of the pure lipid bilaiers, in accord 
with observations on intact cell mem- 
branes (31-35), whereas those of lipid- 
cholesterol systems typically have an 
approximately twofold increase in quad- 
rupole splitting; that is, the lipid hydro- 
carbon chains in lipid-cholesterol sys- 
tems are approximately twice as ordered 
as those in a pure lipid bilayer, or pro- 
tein-lipid (2: 1 by weight) complex, as 
shown in Fig. 3. This has naturally led to 
the development of models in which 
there are, in general, no strong lipid- 
protein interactions in membranes. In 
addition, the 'H NMR results [and, more 
recently, electron spin resonance (ESR) 
results (59, 60, 62)] indicate that in many 
systems there is probably rapid ex- 
change between free bilayer lipid and 
lipid adjacent to the protein surface (51, 
55-62), and that the conformation of lipid 
hydrocarbon chains adjacent to the pro- 
tein surface is probably only slightly 
different from that in a pure lipid bilayer. 

The question thus arises of the reason 
for the apparent disagreement between 
early results, based on ESR spin-labeling 
experiments, indicating a rigid bound- 
ary-layer annulus of lipid surrounding 
and presumably controlling the enzymat- 
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ic activity of a membrane protein, and 
more recent 2~ NMR (and ESR) results, 
showing the dynamic nature of the inter- 
action. One possibility is that the ESR 
labels undergo some type of specific 
interaction with the protein surface-for 
instance, hydrogen bonding from the po- 
lar isoxazolidine ring to the peptide 
backbone (63). However, recent studies 
appear to rule out this explanation (64, 
65), in which case it appears that the 
alternative "time scale" argument is ap- 
plicable (56, 57). The explanation for the 
apparent discrepancy between NMR and 
ESR results probably originates in the 
different time scales applicable for con- 
ventional NMR (= sec) and ESR 
(= lo-' sec) experiments. Thus, a mo- 
tion fast on the NMR time scale may be 
slow on the ESR time scale and may not 
substantially affect the ESR spectrum. It 
is thought by several workers (59, 60, 66) 
that the actual intermediate-rate motions 
involved correspond to lipid exchange 
on and off protein surfaces at rates of 
- lo6 to lo7 sec-I, a result based on 
ESR spin-lattice relaxation times (60) 
and spectral simulations of spin-label 
data (66). The alternative explanation of 
intermediate-rate reorientation of lipid 
chains on the protein surface cannot, 
however, be ruled out (59). More quanti- 
tative NMR experiments are clearly 
needed in this area. 

Below the temperature of the gel-liq- 
uid crystal phase transition of the pure 
lipid, protein has the effect of preventing 
lipid hydrocarbon chains from crystalliz- 
ing into gel-state lipid (55, 57); however, 
the hydrocarbon chains are not "or- 
dered" as they are with cholesterol at 
low temperatures (46, 57), due again, we 
believe, to the "rough" nature of protein 
surfaces. Overall, then, a general picture 
of protein-lipid interaction has arisen in 
which, at least above T,, there are in 
general no long-lived regions of specific 
types of lipid molecules surrounding 
most membrane proteins. Rather, lipid 

Fig. 4. Deuterium NMR spec- 
tra of polycrystalline aromatic 
amino acids at 20°C and of 
aromatic amino acids incorpo- 
rated into the purple mem- 
brane of H. halobium at 37OC. 
(A) [Fl,62,~l,~2,(;-2H51Phenyl- 
alanine, (B) [el , ~ ~ , - ~ H ~ ] t y r o -  
sine, (C) [61,~3,52,53,~2-2H51- 
tryptophan, (Dl [61,62,~1,~2,1- 
2H5]phenylalanine-labeled pur- 
ple membrane, (E) [ElrE2- 
2H2]tyrosine-labeled purple 
membrane, (F) [61,~3,52,52,~2-  
2H5]tryptophan-labeled purple 
membrane. 

molecules are in a highly fluid, dynamic 
state, colliding with the rough or irregu- 
lar protein surfaces at high (- lo6 to lo7 
sec-I) rates. This is much faster than a 
typical enzyme turnover, so that for 
most systems it seems that "average" 
lipid properties should influence enzyme 
activity. Of course, exceptions to this 
general rule may be found, and we have 
observed apparently strong interactions 
between cardiolipin and cytochrome 
oxidase by 31P NMR (67). There is no 
evidence, however, for any general or- 
dering of the lipid hydrocarbon chains in 
protein-lipid "collision complexes," in 
contrast to the large effects seen with 
cholesterol-lipid interactions, as dis- 
cussed above. 

We should add, however, that such 
apparently good agreement between the 
NMR and ESR results is not strictly 
proven, and that other spectroscopic 
techniques, such as fluorescence polar- 
ization anisotropy (68, 69), suggest that 
protein molecules cause a tilting and 
ordering of lipid hydrocarbon chains. A 
plausible physical mechanism has not 
been provided, and further analysis of 
the fidelity of fully conjugated polyene 
species in reflecting processes such as 
gauche-trans isomerization remains to 
be performed. 

Direct Observation of Side Chain 

Mobility in Proteins 

Arguably the most significant systems 
to investigate in biological membranes 
are the membrane proteins themselves. 
Unfortunately, however, they are in gen- 
eral the most difficult to study spectro- 
scopically because of their dilution. One 
exception is bacteriorhodopsin, the sole 
protein in the photosynthetic purple 
membrane of the obligate halophile Ha- 
lobacterium halobium (70). In this sec- 
tion we discuss recent results for this 
system, together with results of studies 

on amino acid crystals, aimed at deter- 
mining the rates and types of motion of 
individual types of amino acid side 
chains in a membrane protein. While 
similar studies have been carried out for 
proteins in solution by 'H and I3C NMR 
(71) and for crystals of soluble proteins 
(72, 73) by x-ray methods, it appears that 
the 2~ NMR method offers particular 
promise for investigating the dynamics 
of proteins in condensed phases, such as 
membranes or collagen (3, 16, 18, 74, 
7 9 ,  where high-resolution x-ray or solu- 
tion NMR studies are not yet feasible. 
The ability to directly observe protein 
dynamics in intact membrane systems 
should make it possible to study the 
influence of lipid and sterol molecules on 
protein function. 

Observation of [2~3]methyl-labeled 
amino acids such as alanine, threonine, 
valine, leucine, and methionine, in the 
crystalline solid state, yields information 
about the rates and types of side chain 
motion, which may be compared with 
those seen in intact biological mem- 
branes. However, in many cases it is 
found that only "rigid-lattice" spectra, 
characteristic of rapid C3 rotation, are 
obtained, so that TI measurements are 
required to determine the rotational cor- 
relation times, T,. The TI values so deter- 
mined may be interpreted in terms of a 
suitable mathematical model for relax- 
ation (19-21, 76). When such determina- 
tions are made as a function of tempera- 
ture, interesting information on the acti- 
vation energies for motion is obtained. 
The results obtained to date suggest that 
the dynamics of methyl residues in mem- 
brane proteins are dominated by short- 
range interactions; and, indeed, experi- 
mental observations on bacteriorhodop- 
sin containing biosynthetically incorpo- 
rated [y-2~31threonine, [y-2~6]valine, 
and [ ~ - ~ H ~ ] l e u c i n e  (20), at temperatures 
close to or below the growth tempera- 
ture, reveal rates, types, and activation 
energies for motion that are very similar 
to those obtained with the amino acid 
crystals. Similar results are obtained 
with Thr-, Val-, and Leu-labeled E,  coli 
cell membranes (20) enriched with either 
oleic or elaidic acid, the activation ener- 
gies and T, values observed in the mem- 
brane protein being remarkably similar 
to those found for a variety of soluble 
proteins in solution (20, 71). 

In the relatively long methyl-contain- 
ing amino acid side chains, such as leu- 
cine and methionine. additional modes of 
motion appear to occur readily, causing 
changes in NMR line shapes and, in 
some instances, deviations from linearity 
in the Arrhenius curves. For example, in 
the case of [S-2~3]leucine-labeled bacte- 
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riorhodopsin [and collagen (74, 791, 2H 
NMR line shapes having asymmetry pa- 
rameters --+ l and reduced overall 
spectral breadths are obtained at - 30" 
to 40°C. These results strongly suggest 
that the leucine side chain undergoes 
rapid (=lo6 rad sec-') twofold jumps 
about CY-C"20, 74, 75). The two con- 
formers are presumably those observed 
in a variety of small peptide x-ray crystal 
structures (77, 78). In general, it is likely 

that as the length of a nonpolar side 
chain increases, the rates and types of 
side chain motion will increase. This idea 
is borne out by the observation (20) of 
spectra characteristic of multiple (three 
or four) site hopping in crystalline L-[E- 
2~3]methionine (20). These complex mo- 
tions are also likely to occur when such 
amino acids are incorporated into mem- 
brane proteins. 

With the aromatic amino acids histi- 

dine, phenylalanine, tyrosine, and tryp- 
tophan, motions in membrane proteins 
are likely to be less complex than with 
the long-chain amino acids. Results have 
been obtained for a variety of 2~- labeled  
tyrosines, phenylalanines, and trypto- 
phans incorporated into bacteriorhodop- 
sin and E. coli membranes (3, 16, 18, 
20). Figure 4 shows typical spectra of 
[2~s]phenylalanine, [ ~ - ~ ~ 2 l t y r o s i n e ,  and 
[2~5]tryptophan, incorporated into bac- 
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Fig. 5. Demonstration of mobility of surface 
residues in purple membranes. (A) Model of 
Engelman et a/ .  (82), showing various defini- 
tions of the membrane surface. (B) Graph 
showing correlation between the percentage 
of residues above the membrane surface (B- 
B') and the percentage of residues undergoing 
isotropic motion from the *H NMR experi- 
ment. (C) As in (B), but with two alternative 
definitions of the membrane surface: (0) A- 
A' and ( x )  C-C' in (A). 
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teriorhodopsin of the purple membrane 
of H. halobium, together with spectra of 
the free amino acids in the crystalline 
solid state. 

Results with crystalline phenylalanine 
are quite complex (3, 16, 76, 79), and 
indicate that lattice forces have a domi- 
nant effect on side chain motion. For 
example, at room temperature the aro- 
matic rings of phenylalanine hydrochlo- 
ride are all relatively rigid (Fig. 4A). At 
the same temperature, free-base phenyl- 
alanine spectra display two components, 

corresponding to rigid (T - lo-' sec) and 
mobile (T - sec) rings. Because of 
the large differential spin-lattice relax- 
ation times involved (- 10 sec versus 
- 100 msec), it is possible to eliminate 
the rigid component by rapid pulsing, 
resulting in the production of a spectrum 
with an asymmetry parameter 11 - 0.6 
(Fig. 1C) (3, 16, 76, 79). By contrast, 
spectra of ring-labeled tyrosine and tryp- 
tophan exhibit only a single, rigid-lattice 
component (Fig. 4, B and C). 

Similar experiments with 'H-labeled 

bacteriorhodopsin were performed re- 
cently (3, 16, 76, 80, 81). The results 
indicate that tryptophan, because of its 
large bulk, is relatively rigid at all tem- 
peratures (up to - 90°C, when the pro- 
tein denatures). Spin-lattice relaxation 
times are - 20 sec at the temperature of 
growth, and relaxation is probably domi- 
nated by torsional oscillations. 

At about -30°C, 'H NMR spectra of 
tyrosine and phenylalanine in bacterio- 
rhodopsin suggest that all such residues 
are also quite rigid, but as the growth 

Fig. 6. Microscopic, dynamic model of a biological membrane. Correlation times are given in seconds. 
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temperature of 37°C is approached, most 
phenylalanine and tyrosine residues in 
the purple membrane become mobile, 
executing twofold flips about CP-CY at 
rates of - lo6 to lo7 sec-'. The type of 
motion may be deduced from the asym- 
metric line shape observed (Fig. 4, D and 
E). The observed asymmetry parameter 
of q - 0.6 is expected for a twofold jump 
over a 120" angle (3, 14) (Fig. 1C). 

Protein Dynamics at a Membrane 

Surface 

Determination of the rates and types 
of motion of amino acid residues at the 
membrane surface should be particularly 
interesting, since many receptors, anti- 
gens, and so forth are located in this 
region. Recently, there has been consid- 
erable progress in using the NMR meth- 
od to probe membrane surface structure 
and the problem of membrane-mem- 
brane contact (82). We will give a brief 
account of this work and illustrate the 
potential for further studies. 

As may be seen from Fig. 4, D to F ,  
each of the 2~ NMR spectra of labeled 
purple membranes contains a sharp cen- 
tral component. Results of intensity 
measurements on samples extensively 
exchanged with deuterium-depleted wa- 
ter indicate that the central components 
of the spectra of all 2H-labeled mem- 
branes arise primarily from highly mo- 
bile surface protein segments (82). 

Figure 5A shows the polypeptide 
chain folding pattern for bacteriorhodop- 
sin suggested by Engelman et al. (83), 
where we define a membrane surface (B- 
B') together with a surface that is two 
residues farther outside (A-A') or farther 
in (C-C'). If it is assumed that all resi- 
dues outside the membrane surface are 
mobile, and thus give rise to a sharp, 
isotropic line, while all residues inside 
the surface are rigid or crystalline (on the 
'H NMR time scale), we obtain excellent 
agreement between the molecular model 
B-B') and 2~ NMR intensity results with 
the following 2~- labeled  membranes: 
Gly, Val, Leu, Ileu, Ser, Thr, Lys, Phe, 
Tyr, Trp, and Arg (82) (Fig. 5B). Similar 
good agreement is obtained with the 
models of Ovchinnikov (84) and Khor- 
ana and co-workers (85), but the fit is 
noticeably worse with Engelman's earli- 
er model (82, 86). Poor agreement is also 
obtained if the membrane surface is cho- 
sen one or two residues different from 
that shown (Fig. 5, A and C). Taken 
together, these results strongly suggest 
that (i) all surface residues in bacterio- 
rhodopsin are highly mobile on the time 
scale of the 2~ NMR experiment, (ii) all 

amino acids in the membrane matrix are 
essentially crystalline, (iii) a membrane 
surface (A one residue) may be readily 
defined by NMR in bacteriorhodopsin, 
and (iv) the NMR results may be used to 
evaluate the various structural models 
proposed. 

Microscopic Fluid Mosaic Model 

As stated in the introduction, the past 
decade has witnessed an enormous in- 
crease in interest in applying 2~ NMR to 
analyze the microscopic structure of bio- 
logical and model membranes. In the 
spirit of previous membrane model- 
builders and artists, we therefore outline 
in Fig. 6 a contemporary picture of mem- 
brane structure, illustrating the numer- 
ous new quantitative, dynamic features 
of membrane structure that have been 
deduced by 2~ NMR and other spectro- 
scopic techniques. 

The results presented in this article 
support the idea of a fluid mosaic model 
in which, in general, proteins are influ- 
enced only by the average properties of 
the fluid lipid bilayer-that is, the activi- 
ties of membrane enzymes are not domi- 
nated by a special layer of boundary or 
annular lipid. Moreover, the great simi- 
larity between the (average) dynamic 
structures of amino acid side chains in 
crystals, in bacteriorhodopsin, in E. coli 
membranes, and in several proteins in 
solution suggests lack of a large general 
effect of protein environment on side 
chain dynamics. Lipid-mediated effects 
thus presumably occur at the level of 
molecular rotation and translation, or 
must involve specific interactions that 
are beyond current detection limits. 
Most likely, both types of effects are to 
be found. 

In conclusion, we believe it is now 
apparent that NMR spectroscopy, in 
particular of the 2~ nucleus in isotopical- 
ly labeled cells, can provide information 
on the rates and types of motion of 
essentially any type of grouping in a cell 
membrane. With even higher magnetic 
field strengths (for improved sensitivity) 
and methods for resolving individual res- 
idues-for instance, through genetic ma- 
nipulation, reconstitution techniques, 
magnetic alignment to form ordered ar- 
rays, or crystallization of suitable sys- 
tems-it should soon be possible to 
study the dynamic structure of an even 
wider variety of cell membrane compo- 
nents in short periods of time. Such 
NMR determinations are of the greatest 
interest, as such studies do not appear to 
be accessible by any other spectroscopic 
technique. 
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RESEARCH ARTICLE ture during the main shock probably did 
not extend over the entire length. This 
distribution of the aftershocks suggests 
that the source mechanism of the earth- 

The 1984 Morgan Hill, 
quake can be described by unilateral 
rupture propagation south-southeast 

California, Earthquake 
from the main shock epicenter to the 
south end of Anderson Reservoir. 

As yet, no unambiguous surface fault 

W. H. Bakun, M. M. Clark, R. S. Cockerham, W. L. Ellsworth 

A. G. Lindh, W. H. Prescott, A. F. Shakal, P. Spudich 

- 
rupture has been found. Prominent 
discontinuous postearthquake surface 
cracks in the fault zone near the south 
end of Anderson Reservoir may be the 
result of slumping during the strong 
shaking rather than an expression of 
fault slip. No coseismic fault slip was 
observed at the small-aperture Grant 
Ranch geodetic network located in Halls 
Valley 5 km northwest of the main shock 
epicenter (4). The nearest creepmeter, at 
Shore Road (Fig. la), recorded 12.9 mm 
of surface slip in the 18 hours after the 
Morgan Hill earthquake (5). 

There are, as yet, no identified precur- 
sors that might have permitted a predic- 
tion of the time of the 1984 Morgan Hill 
earthquake (6). The rupture zone lies 
within the dense network of seismo- 
graphic stations operated by the U.S. 
Geological Survey in central California 
so that all earthquakes there with magni- 
tude 21.5 are recorded and located. 
Only two foreshocks, both magnitude 
<1.0, were observed (7). Significant ac- 
tivity did occur near the two ends of the 
rupture zone in the 16 months before the 
Morgan Hill earthquake (Fig. 2c); the 
pattern of precursory seismicity near the 
ends of the rupture is consistent with 
seismicity observed before large earth- 
quakes on plate boundaries (8) and also 

On 24 April 1984 at 21:15:18.8 UTC west of Mount Hamilton and about 65 
(coordinated universal time), a moder- km northwest of the junction of the Cala- 
ate-sized (I) earthquake occurred on the veras and San Andreas faults. Nearly all 
Calaveras fault to the east of San Jose, the aftershocks were located on the 26- 
California (Fig. 1). The earthquake was km-long section of the Calaveras fault 
felt throughout central California (2), zone southeast of the epicenter of the 

Abstract. The Morgan Hill, California, earthquake (magnitude 6.1) of 24 April 
1984 ruptured a 30-kilometer-long segment of the Calaveras fault zone to the east of 
Sun Jose. Although it was recognized in 1980 that an earthquake of magnitude 6 
occurred on this segment in 1911 and that a repeat of this event might reasonably 
be expected, no short-term precursors were noted and so the time of the 1984 
earthquake was not predicted. Unilateral rupture propagation toward the south- 
southeast and an energetic late source of seismic radiation located near the 
southeast end of the rupture zone contributed to the highly focusedpattern of strong 
motion, including an exceptionally large horizontal acceleration of 1.29g at a site on 
a dam abutment near the southeast end of the rupture zone. 

with damage estimated at $7.5 million main shock, with concentrations of after- 
(3). Because of the concentrated damage shocks near San Felipe Valley and An- 
near the south end of Anderson Reser- derson Reservoir (Fig. 2). We use the 
voir and the town of Morgan Hill, the 24 spatial extent of the aftershocks (Figs. 1 
April event has been called the Morgan and 2b) to define the rupture zone of the 
Hill earthquake. Morgan Hill earthquake, although rup- 

The epicenter (37"19.02'N, 121" 40.89'W) -- 

W. H. Bakun, M. M. Clark, R. S. Cockerham, W. L.  Ellsworth, A. G. Lindh, W. H. Prescott, and P. of the main shock was located On the Spudich are with the U.S. Geological Survey, Menlo Park, California 94025. A. F. Shakal is with the 
Calaveras fault zone 5 km west-south- California Division of Mines and Geology, Sacramento 95814. 
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